Two-neutron knockout from neutron-deficient ^"^Ar, ^°S, and ^^Si 
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Two-neutron knockout reactions from nuclei in the proximity of the proton dripline have been 
studied using intermediate-energy beams of neutron-deficient '^''Ar, '^''S, and '^^Si. The inclusive 
cross sections, and also the partial cross sections for the population of individual bound final states 
of the ^^Ar, and '^''Si knockout residues, have been determined using the combination of particle 
and 7-ray spectroscopy. Similar to the two-proton knockout mechanism on the neutron-rich side 
of the nuclear chart, these two- neutron removal reactions from already neutron-deficient nuclei are 
also shown to be consistent with a direct reaction mechanism. 
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Over the past decade, direct one-nucleon knockout re- 
actions from fast beams Q have been developed into a 
versatile tool applicable to structure studies of atomic 
nuclei beyond the valley of (3 stability. The technique 
has been used successfully to derive single-particle spec- 
troscopic strengths and assign orbital angular momenta, 
to probe shell closures, and to study halo nuclei as well 
as correlation effects beyond effective-interaction theory 

^^^^^X'^^^X^MMMMMMH Theasso- 
dated formalisms, used to calculate single-particle cross 
sections and to deduce spectroscopic factors and orbital 
angular momenta, employ few-body reaction theory in 
eikonal approximation (17j and modern shell-model and 
Hartree-Fock calculations 0, 0, . For several well- 
studied cases, results from intermediate-energy knockout 
reactions have been shown to be consistent with infor- 
mation obtained from alternative approaches :21j. 

Two-proton knockout from neutron-rich nuclei has re- 
cently been shown to proceed as a direct reaction |^ . In 
that first reported experiment, two protons were removed 
from secondary beams of neutron-rich ^^Mg, '^"Mg, and 
■^^Si using a thick ^Be target. The reaction mechanism, 
involving sudden, peripheral collisions, is advantageous 
for the study of exotic nuclei since, for a given incoming 
beam, the residue from two-proton knockout is even more 
neutron-rich than that produced by one-proton removal, 
but with still manageable cross sections. The method 
has also been applied to study the very exotic nuclei ''^Si 
and ^"^S [i^. A first theoretical description of the reac- 
tion process considered the stripping of two uncorrelated 
nucleons jl^l • The correlations between the two removed 
nucleons within the initial nucleus have recently been in- 
corporated via shell-model two-nucleon amplitudes [2^ . 
These correlations were found to have a significant influ- 
ence on the stripping partial cross sections to different 
final states, indicating that two-nucleon knockout reac- 
tions offer promise for accessing nuclear-structure infor- 



mation for very exotic nuclei and probe two-nucleon cor- 
relation effects in asymmetric regimes • 

Experiments have, so far, employed only two-proton 
knockout on the neutron- rich side of the nuclear chart. 
The present experiment provides the first measurements 
of two-neutron knockout from proton-rich nuclei. We re- 
port first results from the two-neutron removal reactions 
9Be(34Ar,32Ar)X, ^Be{^°S,^^S)X and 9Be(26Si,24Si)X in 
the proximity of the proton dripline. These nuclei were 
chosen since (i) the respective projectiles and knockout 
residues are expected to be well described by shell-model 
calculations within the sd shell, and (ii) the proton-to- 
neutron asymmetry in these nuclei strongly favors a di- 
rect two-nucleon removal reaction mechanism. A pri- 
ori, two-nucleon removal reactions are expected to have 
both a direct and a multi-step component. However, the 
importance of the latter will depend strongly upon the 
thresholds for nucleon emission. For illustration, we con- 
sider the '^'^Ar projectile where the dominant two-step, 
two-neutron removal would involve neutron evaporation 
from highly excited states in ^^Ar (Fig. ^ formed by 
single-nucleon removal. However, due to the neutron- 
deficiency of '^■^Ar, the proton evaporation channel opens 
first and neutron evaporation leading to ^^Ar will be sup- 
pressed (5p(33Ar)= 3.3 MeV < S'„(33Ar)= 15.3 MeV). 
The same considerations apply to '^"S and ^^Si. Similar 
arguments were applied in the work of Bazin et al. [5^ . 

The projectiles of interest - '^''Ar, '^"S and ^^Si - were 
produced by fragmentation of a 150 MeV/nucleon '^^Ar 
primary beam provided by the Coupled Cyclotron Facil- 
ity of the National Superconducting Cyclotron Labora- 
tory (NSCL) at Michigan State University. The ^Be pro- 
duction target was located at the mid-acceptance target 
position of the A1900 fragment separator |25j. The beam 
impinged on a 376 mg/cm^ ^Be secondary target located 
at the pivot point of the high-resolution, large-acceptance 
S800 magnetic spectrograph . The average mid-target 



energies of the beams were 110 MeV/nucleon for ^^Ar, 
111 MeV/nucleon for ^^S and 109 MeV/nucleon for ^^Si. 
Incoming particles and reaction products were unambigu- 
ously identified on an event-by-event basis. The inci- 
dent particles were characterized via their time-of-flight 
(ToF) taken between two beam-monitoring scintillators 
before the target (30 meters apart). The identification of 
the reaction residues was performed with the detection 
system of the S800 focal plane: the energy loss (AE) 
in the ionization chamber and the ToF measured be- 
tween the object point and the focal plane of the spectro- 
graph. The time-of-flight information was corrected for 
the flight-path difference of the various reaction residues 
using the angle information provided by the position- 
sensitive cathode-readout drift chambers (CRDCs) jl^ 
of the S800 focal plane. As an example, the AE-ToF 
particle identification of ^''Si knockout residues in the fo- 
cal plane is shown in Fig. |2| 

The inclusive cross sections for the two-neutron knock- 
out to all bound final states of ^^Ar, ^^S and ^^Si were 
derived from the ratio of detected knockout fragments in 
the S800 focal plane relative to the number of incoming 
projectiles per number density of the ^Be target. Cor- 
rections for the finite acceptance of the spectrograph did 
not exceed 15%. Systematic uncertainties arise from the 
particle- identification gate (~5%), purity and stability 
of the incoming beam (<5%) and acceptance corrections 
(<10%). These uncertainties have been added in quadra- 
ture to the statistical errors. 

The reaction mechanism has been probed via the 
parallel-momentum distributions of the ejectiles mea- 
sured in the S800 focal plane. The momentum distribu- 
tions were reconstructed from the known magnetic rigid- 
ity of the spectrometer and the positions of the particles 
measured with the CRDCs. The parallel-momentum dis- 
tribution of the ^"^Si reaction residues is shown in Fig. 
and compared to theoretical calculations for the knock- 




34 Ar 

FIG. 1: Energy thresholds of the direct and two-step pro- 
cesses in the ^Be('^''Ar,'^'^Ar)X two-neutron removal reaction. 
The two-step process would involve neutron evaporation from 
^^Ar, but this channel is strongly suppressed since the proton 
separation energy Sp is much lower than the neutron sepa- 
ration energy Sn- Therefore, the two-neutron knockout from 
'^^Ar to ^^Ar proceeds predominantly as a direct reaction. 
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FIG. 2: Energy-loss vs. time-of-flight identification of the 
reaction residues detected in the S800 focal plane for incoming 
^*Si projectiles. The ToF is corrected for the ion's flight path 
employing the angle information obtained from the CRDC 
detectors in the S800 focal plane. 
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FIG. 3: Inclusive parallel-momentum distribution for '^''Si 
residues from ^^Si incoming particles. The solid line indi- 
cates the theoretical distribution for the removal of two un- 
correlated neutrons, each with £ = 2, convoluted with the 
experimental momentum spread of the ^^Si beam (shown on 
the right). The two data points indicated by lower-limit ar- 
rows result from a damaged electronics chip (confined to a 
few channels) in one of the position-sensitive detectors in the 
S800 focal plane. 

out of two neutrons, each with angular momentum £ — 2. 
The two experimental points shown as arrows (in the 
low-momentum half of the distribution) correspond to 
a few channels where one of the two CRDCs was not 
read out properly during the experiment. The assump- 
tions made in the theoretical calculation are the same as 
in jl^: the neutrons are considered to be uncorrelated 
and so the momentum distribution for the two-neutron 
knockout is the convolution of the momentum distribu- 
tions from removal of each of the £—2 neutrons. The 
theoretical calculation has also been convoluted with the 
experimental momentum spread of the incoming beam 
(~ 1 %). This comparison shows that the theory is in 
good agreement with the experimental distribution of the 
two-nucleon knockout residues. For one-nucleon removal 
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FIG. 4: 7-ray spectra reconstructed event-by-event into the 
rest frame of the emitting nucleus, in coincidence with ^^Ar, 
and ^*Si residues. Statistical error bars are indicated. 
The solid line is the result of a GEANT simulation. For 
^*Si, the simulated response for the two photopeaks is shown 
separately in dashed an dotted lines. 



reactions, the parallel-momentum distribution of knock- 
out residues is used to assign the ^-value of the removed 
nuclcon. In two-nucleon knockout reactions, the parallel- 
momentum distributions for different values can be too 
similar to provide a clear assignment of the orbital angu- 
lar momentum. 

Cross sections to individual excited states were mea- 
sured using particle-7 coincidences. The target was sur- 
rounded by the SeGA ^2^, an array of seventeen 32-fold 
segmented high-purity Germanium detectors arranged 
in two rings as described in [2^. The event-by-event 
Doppler-corrected 7-ray spectra for the '^^Ar, and 
^'^Si residues are presented in Fig. ^ The Doppler cor- 
rection has been performed by taking into account the 
average velocity of the projectile at the time of the 7-ray 
emission. Although an anisotropic angular distribution 
is expected, due to alignment effects in the knockout re- 
action, we assume that this can be neglected in the eval- 
uation of the intensities. The smallness of this correction 
is tied to the beam energy and to the particular choice of 
laboratory angles for the 7-ray detectors (37° and 90°) 
in this experiment; see the example worked out in Fig. 
12 of Ref. 1] for one-nucleon knockout. 

In the case of '^^Ar {Sp — 2.4 MeV), only one 7-ray 
transition is observed at 1867(8) keV corresponding to 
the decay of the first 2+ excited state. The measured 
energy is slightly different from the energy of 1824(12) 
keV reported in j^Ul using a scintillator array. We obtain 
an inclusive cross section oi a — 0.48(6) mb for the two- 
neutron knockout and a 0.07(4) mb cross section to the 
first 2+ excited state. Assuming no other bound excited 
states, the ground state is fed directly with a cross section 
of 0.41(7) mb. 

For {Sp = 2.46(3) MeV), a new transition has been 
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FIG. 5: Level schemes of ^^S (a) and ^''Si (b). The experimen- 
tal results (center) are compared to shell-model predictions 
and to the level scheme of the respective mirror nucleus. 



observed at 1512(8) keV. This transition is assigned to 
the decay of the first 2+ state of ^^S, based on shell- model 
calculations and comparison to the mirror nucleus. A 
shell-model calculation with the Oxbash code [U and 
the USD interaction [s^l predicts the first 2+ state at 
1543 keV excitation energy, while that of the mirror nu- 
cleus, 28Mg, is at 1473 keV (see Fig. E^a)). The inclu- 
sive cross section for the production of ^^S from "^^S is 
a = 0.73(8) mb. The 2+ excited state is populated with 
a 0.34(8) mb cross section leaving a 0.39(8) mb cross sec- 
tion for the knockout to the ground state. 

Of the three nuclei studied, ^^Si is the most strongly 
bound with a proton separation energy of Sp — 3.3(4) 
MeV. Two 7-ray transitions are observed, at 1550(12) 
keV and 1860(10) keV, the latter being about twice as 
intense as the former. The observed transitions corre- 
spond to the decay of the two previously reported ex- 
cited states of 24si at 3441(10) keV and 1879(11) keV 
[3^ , respectively. The statistics are too low to allow a 7- 
7 coincidence study of these two transitions. The mirror 
nucleus ^^Ne exhibits a vibrator-like excitation scheme 
with a first 2+ state lying at 1981.6(4) keV and a (2+,4+) 
doublet at 3867(8) keV and 3962(18) keV [H, respec- 
tively. Each state of the doublet decays with an almost 
100% branch to the first excited state. A comparison 
with ^''Ne suggests that the two lines observed for ^''Si 
in the present work are in coincidence with the first 2"*" 
state at 1860(10) keV and a (2,4)+ level at 3410(16) keV. 
The resulting level scheme is shown in Fig. [S] (for a dis- 
cussion on mirror asymmetry in these nuclei see |3^). 
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TABLE I: Spin, excitation energy of the final states, and ex- 
perimental cross sections for the two-neutron knockout reac- 
tions «Be(3''Ar,32Ar)X, »Be(3°S,2«S)X and 9Be(2«Si,2*Si)X. 
The results are compared to the theoretical cross sections 
which are broken down according to contributions from 
stripping, stripping-diffraction and diffraction. For com- 
parison, the inclusive cross sections from the two-proton 
knockout reactions ^Be(^*Si,^^Mg)X, ^Be(^°Mg,2**Ne)X and 
^Be(^**Mg,^'*Ne)X [22] are also presented. 
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Inclusive two-proton removal cross sections from [2^ 



'^i inclusive 0.76(10) 

Mg inclusive 0.49(5) 

Mg inclusive 1.50(10) 



Within the energy resolution of the present setup, there 
is no indication of a doublet at around 1550 keV. 

Our experimental results are summarized in Table 
The measured inclusive and partial cross sections are 
given. For comparison, we also include the inclusive cross 
sections for the two-proton removal reactions reported in 
[2^ . The different reactions show cross sections of the or- 
der of 1 mb for two-proton (two-neutron) knockout from 
neutron-rich (neutron-deficient) nuclei in the sd-shell. 

Our theoretical calculations of the two-neutron- 
removal cross sections follow the formalism and notation 
of Ref . '2?! , which developed a full treatment of the two- 
nucleon stripping (absorption) cross section, a str- Here, 
we also include a full calculation of contributons to the 
cross sections from events where only one of the nucle- 
ons is stripped (absorbed) and the second is removed by 
an elastic collision (diffraction of the nucleons or residue) 
with the target. This is denoted dstr-diff- We only esti- 
mate the small cross section, Udiff, from events in which 
both of the tightly-bound nucleons are removed by elastic 
dissociation. 

The two knocked-out nucleons are assumed to be re- 
moved from a set of active and partially occupied single- 
particle orbitals (pj^ with spherical quantum numbers 
n(£j)m. The assumed two-nucleon overlap function, of 
the initial state J with each residue final state /, is 
denoted by ^'j^ In the eikonal model of the di- 

rect reaction dynamics, the (^-2)-body residue (or core) 



is a spectator and is assumed to interact at most elas- 
tically with the target. It thus enters the formalism 
through a residue-target elastic transmission probabil- 
ity 1 5c p. Events in which a nucleon is absorbed are 
described by the nucleon-target absorption probabilities 
[1 — liSjJ^]. The S and are calculated as discussed in 
Ref. [lj|, being constrained by Hartree-Fock systematics. 

Contributions to the two-nucleon knockout cross sec- 
tion from the diffractive removal of one nucleon, say 1, 
and absorption of the second, 2, are included in the ex- 
pression 

^i = ^7Tt5Z / rf&>!/^i/l|5cn5ip[l-|52p]|*|/^,), 

(1) 

and similarly for diffraction of nucleon 2. However, as 
currently stated, Eq. Q includes events in which nucleon 
1 remains bound to the residue. These single-nucleon 
removal events, populating bound (^-l)-body residues, 
must be removed by projecting off the nucleon-residue 
bound states, by replacing in Eq. 

\s,\'^sni- E \^fMf'\]Si ■ (2) 

j"m" 

Here the sum is over the bound eigenstates n{£"j")m" of 
nucleon 1 and the core and we use the bra-kets (..| and 
|..) to indicate states and integration over this nucleon's 
coordinates. We include all the active single particle or- 
bitals in this sum. After having made this replacement 

then 0-str-diff=0-i + Cr2. 

We only estimate the cross section from removal of 
both tightly-bound nucleons by elastic dissociation. We 
make use of the reduction in the removal cross section 
when one nucleon is dissociated rather than stripped, i.e. 
(Ti/(Tstr as calculated above. We thus estimate the two- 
nucleon diffractive cross section to be crdiff~[o'i/o'str]^o'str. 
bmce, see TablelH cri/cTstr « 0.35 - 0.4, we estimate that 
(Tdiff makes a contribution of only 6 — 8% to the two- 
nucleon removal partial cross sections. Finally, the theo- 
retical cross sections are the sum cth = fstr + Cstr-diff + 
(Tdiff. For all of the three systems studied these ath over- 
predict the measured cross sections by about a factor 
of two, requiring an empirical suppression of the two- 
neutron shell model strengths. This reduction - some- 
what analogous to the suppressions observed in single- 
nucleon removal reactions - will be discussed elsewhere 

The observed differences in the cross sections to in- 
dividual final states suggests (i) significant sensitivity 
of the reaction to the single-particle structures of the 
projectiles and residues, and thus (ii) that the direct 
two-nucleon removal mechanism provides opportunities 
to probe aspects of nuclear structure far from stability. 
Figure El shows the ground-state transition branching ra- 
tios, Bq — cr(0'^)/crinci, of the three two-neutron removal 
reactions. The measured Bq are compared to two model 
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FIG. 6: Ground state branching ratios Bo = cr(0''')/(Jinci in 
the two-neutron removal reactions from ^^Si, "^"S and ^*Ar 
from (i) the experiment, (ii) calculated assuming the removal 
of two uncorrelated neutrons, and (iii) when including corre- 
lations via the many-body shell model wave functions |23.l36|. 



calculations. The first assumes the knockout of two com- 
pletely uncorrelated neutrons from pure configurations 
^^[c^5/2]^ So=4/9, ^^[rf5/2]^ ^0=1/6, and 1^^5/2]^ [si/s]^, 
i3o~l/6, for ^^Si, ^°S and ^'^Ar, respectively (see e.g. 
Section III of 24] ) . The second calculation includes fully 
the pairing correlations between the neutrons as given 
by the many-body, sc?-shell model wave functions 24, 36] . 
The experimental branching ratios are in agreement with 
the model for removal of two correlated neutrons while 
the uncorrelated neutrons assumption fails to reproduce 
the data. Specifically, these direct two-neutron knockout 
reactions show sensitivity to, and insight into the pair- 
correlations of the two neutrons, leading to an enhanced 
0+ cross section. Unlike one-nucleon knockout reactions, 
here the two-particle shell-model components contribute 
coherently for a given total angular momentum, result- 
ing in interference effects. This strong interplay between 
nuclear structure and the reaction dynamics is evident in 
the results in Tableland Fig.O 

In summary, two-neutron knockout reaction measure- 
ments have been performed on the already neutron- 
deficient nuclei ^^Ar, '^°S, and ^^Si, near the proton 
dripline. Particle-7 coincidences allowed the measure- 
ment of the partial cross sections to individual bound 
final states. Level schemes of the residues are proposed 
using comparisons with the mirror nuclei and with USD 
shell- model calculations. The inclusive two-neutron re- 
moval cross sections from these proton-rich nuclei with 
N ~ 12, 14, 16 were found to be of the order of 1 mb; simi- 
lar to those observed in two-proton knockout experiments 
from the neutron-rich sd-shell nuclei with Z = 12, 14 
[2^ . Based on the energetics of the reaction and the ob- 
served cross sections, the two-neutron removal processes 
discussed here appear to proceed by the direct reaction 
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